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Nuclear Pore Complex Structure and Dynamics Revealed by Cryoelectron Tomography
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Nuclear pore complexes (NPCs) are gateways for nucleocytoplasmic exchange.
To analyze their structure in a close-to-life state, we studied transport-active, intact nuclei from Dictyostelium discoideum by means of cryoelectron tomography. Subvolumes of the tomograms containing individual NPCs were extracted in silico and subjected to three-dimensional classification and averaging, whereby distinct structural states were observed. The central plug/ transporter (CP/T) was variable in volume and could occupy different positions along the nucleocytoplasmic axis, which supports the notion that it essentially represents cargo in transit. Changes in the position of the CP/T were accompanied by structural rearrangements in the NPC scaffold.
Nuclear pore complexes (NPCs) mediate the exchange of macromolecules between the nucleus and the cytoplasm. These large assemblies (È120 megadaltons in metazoa) are constructed from about 30 different proteins, the nucleoporins (1). Functional and structural characterization of NPCs is challenging, due mainly to their sheer size. Structures of isolated NPCs have been resolved to 12 nm by means of cryo-EM (2), albeit with a nonisotropic resolution (see below). The structural analysis of active NPCs has obvious advantages over studies with isolated and detergentextracted NPCs: The procedures that are traditionally used for the purification of NPCs are susceptible to loss of transport machinery components and cargo. In principle, cryoelectron tomography (cryo-ET) allows one to analyze the three-dimensional (3D) architecture of organelles or even whole cells embedded in vitreous ice, i.e., in a close-to-life state (3, 4) . Therefore, we have applied cryo-ET to whole Dictyostelium discoideum nuclei, which are relatively small (È2 mm) and can be isolated by a gentle procedure. In a projection image of such a nucleus after vitrification, an intact nuclear envelope is evident (Fig. 1A) . These nuclei were fully competent for active nuclear import (Fig. 1 , B and C; fig. S1 ), in a manner similar to permeabilized cells (5, 6) . We acquired 16 tilt series of frozenhydrated Dictyostelium nuclei and reconstructed the respective volumes. The framed area of the nucleus shown in Fig. 1A was used for recording a tomogram. Three different x-y slices (along the z axis) through this tomogram are shown (Fig. 1D ). Both the outer nuclear membrane and a patch of connected endoplasmic reticulum are decorated with globular complexes that resemble 80S ribosomes in size and shape (È27 nm). In slices that are approximately perpendicular to the nuclear envelope, but more obviously in grazing slices, individual NPCs are clearly discernible. After surface rendering of the tomograms (Fig. 1E) , clear pictures of individual NPCs were obtained. The canonical features such as cytoplasmic filaments, the three rings (cytoplasmic, lumenal spoke, and nuclear rings, respectively), parts of the basket, and the central plug/transporter (CP/T) were visible without any postprocessing.
We extracted 267 NPC-containing subvolumes from our tomograms. Given that our NPCs are transport-competent, one would expect them to be arrested in a variety of different transport states. Averaging without prior classification would therefore be expected to emphasize nonvariable features, whereas variable features would be deemphasized or even eliminated. Averaging procedures resulted in an isotropically sampled 3D density map of the NPC with a resolution of 8 to 9 nm. The cytoplasmic face ( shows eight cytoplasmic filaments (È35 nm) arranged around the central channel. They protrude from the cytoplasmic ring and point toward the center of the structure. In spite of their flexible nature, these filaments show a distinct shape with a pointed kink. The CP/T comprises two overlapping, sphere-shaped densities. The smaller one (È20 nm) is inplane with the cytoplasmic filaments; the larger one (È40 nm) is located farther down within the central channel ( Fig. 2A) . The most conspicuous feature on the nuclear face (Fig.  2B) is the nuclear basket. The nuclear filaments that connect the distal ring to the nuclear ring do not appear to be entirely straight but rather appear bent in the proximity of the nuclear ring (Fig. 2C, nuclear  basket) . The cytoplasmic as well as the nuclear filaments appear to be more delicate than in previous work that used metal coating, a technique that gives more prominence to filiform structures (7) . The dimensions of the main features are revealed in a cutaway view without the CP/T (Fig. 2C) . If one considers the corresponding dimensions that are known from different organisms, the diameter of the NPC from Dictyostelium is more similar to that of Metazoa than to yeasts (7, 8) , whereas the stack of rings is less elongated in the direction of the nucleocytoplasmic axis when compared with structures obtained previously by cryo-EM (2, 9, 10). The nuclear envelopes or detergent-extracted NPCs that were investigated in these studies assume a preferred orientation on the EM-grid. Consequently, the resulting structures were not isotropically sampled and lack information (the Bmissing cone[) that leads to an artificial elongation along the z axis (11) . In contrast, the NPCs of an intact nucleus assume free spatial orientations that represent all Eularian angles ( fig. S3B ). Gold-labeling experiments have shown that most of the components of the NPC (at least 18 different nucleoporins) are localized symmetrically in relation to an imaginary central plane through the lumenal spoke ring (12) . In fact, when one looks at a slice oriented parallel to the nucleocytoplasmic axis, the upper and lower part of the lumenal spoke ring appear similar, whereas the CP/T appears rather asymmetrical ( fig. S2B, right) .
The CP/T located within the central channel has been described previously (10, 13) , but its role is still a matter of speculation. It is not found in every NPC (13) , possibly because it is lost during the isolation procedure. Here, we found the CP/T in almost all NPCs that were examined, but its size, shape, and position varied substantially ( fig. S2) . Consequently, the average is rather featureless. We performed a quantitative analysis of this substructure in individual NPCs. The CP/Ts were extracted in silico and the occupied volumes, as well as the positions of the centers of gravity, were calculated. The analysis of the occupied volumes (Fig. 3A) supports the notion that the CP/T makes up, at least in part, cargo complexes arrested during translocation (2) . The distribution of the centers of gravity along the nucleocytoplasmic axis indicates that two preferred positions of mass within the central channel exist, which are likely to correspond to different NPC states (Fig. 3B) . It provides a means for an objective classification of individual NPCs. In order to visualize differences in the two NPC states, we divided our stack of particles into two classes: one designated a Bcytoplasmic filament class[ (CF class), and the second, a Blumenal spoke ring class[ (LR class). Probability clouds for both classes have been calculated from the positions of the centers of gravity (Fig. 3C) . The variance for the CF class is significantly smaller than for the LR class, which suggests that the position of the mass surrounded by the lumenal spoke ring is more diffuse. The two stacks of NPCs assigned to the CF class or the LR class were averaged separately. Slices through the structures of CF-and LR classes are shown in Fig. 3, D and E. The slices oriented along the nucleocytoplasmic axis (left) show the different positions of the CP/T. The cytoplasmic filaments are well defined in the CF class and have an apparent length of È35 nm. An elongated density connects them to the CP/T (arrowhead). As revealed by the surface-rendered view shown in Fig. 3F (left), they are kinked, with the kink pointing toward the CP/T, whereas their tips point to adjacent filaments. The cytoplasmic face of the LR class shows only the base of the cytoplasmic filaments (Fig. 3G, left) . The densities of the cytoplasmic and lumenal spoke ring are similar for both classes (Fig.  3, D and E, as CR, LR) . The eight spokes of the lumenal spoke ring point toward the central channel in the LR class, but they appear bent in the CF class. Moreover, structural changes of the nuclear ring, which is connected to the nuclear basket, can be seen (Fig. 3, D and E, NR) . Substantial differences in the structure of the nuclear basket are revealed in the surface-rendered views in Fig.  3, F and G (right) . In the CF class, the distal ring has an opening in the middle and a smaller diameter; however, in the LR class it is more massive, indicative of the presence of additional mass bound to NPCs of this class.
The major differences between CF and LR classes are shown in Fig. 4 . The schematic illustration shows the cytoplasmic filaments connected to the CP/T in the CF class (Fig.  4A) , as indicated by the thin connection evident in the slice in Fig. 3D (arrowhead) . We suggest that in this class, some of the cytoplasmic filaments are engaged in interactions with cargo that is represented by the CP/T and have a preferred orientation. As a result, the structure of the CF class represents the shape of a filament that interacts with cargo. Since it is not likely that all of the cytoplasmic filaments interact at the same time, their density is slightly Bdiluted[ when they are averaged with imposed 8-fold symmetry. In the LR class, the cargo is not situated in the plane with the cytoplasmic filaments, which faded almost entirely during averaging. This suggests that the filaments Surface-rendered views of the structure superimposed with the CP/Ts at a lower threshold (CF class in red, LR class in blue). In the CF class, the cytoplasmic filaments are in a defined orientation and interact with the CP/T; the latter is situated within the same plane. In the LR class, the CP/T is located in the plane with the lumenal spoke ring, and the disengaged cytoplasmic filaments are variable in shape and fade out in the average. Therefore, we added four with arbitrary shapes for the sake of completeness. that do not interact with the CP/T at this stage are variable in shape, while binding to cargo restricts their freedom of movement (14) . The contour line view reveals that the narrowest constriction of the central channel is situated at the cytoplasmic side of the lumenal spoke ring in the CF class, even though it is at the nuclear side of the same ring in the LR class (Fig. 4B ). These observations indicate that major rearrangements in the spokes might play a critical role in the translocation of cargo.
Both classes represent major structural states of the NPC. Since the CP/T is better defined in the CF class, this state might represent the slow incorporation or release of cargo complexes into or from the FXFGframework residing in the central channel (15) , which involves interaction with the cytoplasmic filaments. The more diffuse CP/ T of the LR class indicates that cargo complexes can be found in various positions once they have entered the channel Ein agreement with (16)^. Although an assignment of the classes to import, export or to predominant rate-limiting steps in both processes is not yet possible, the application of cryo-ET to transport-competent, intact nuclei holds great potential for a structural dissection of the key steps involved. The use of defined cargo and the trapping of distinct transport intermediates should ultimately enable us to arrive at a detailed mechanistic understanding of the nuclear pore complex.
